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AERODYNAMIC CHARACTERISTICS OF A HYPERSONIC 

TRANSPORT CONFIGURATION AT MACH 6.86 

By William J. Small, Frank S. Kirkham, 
and David E. Fetterman 

Langley Research Center . 
SUMMARY 

An investigation of a model representative of a hypersonic transport has been con- 
ducted at a Mach number of 6.86 over a range of Reynolds numbers, based on body length, 
of 1 x 106 to 6 x 106. The configuration was a low-wing, distinct wing-body arrangement 
with a body-mounted vertical tail and an underwing propulsion system. The complete 
vehicle and the contribution of its components a r e  analyzed in order  to evaluate the per- 
formance of this c lass  of vehicle. 

The configuration studied exhibited relatively low maximum lift-drag characteris- 
tics (near 3) under tunnel conditions. This poor performance was caused by the large- 
volume-body design and by adverse interference effects caused by this fuselage and its 
associated boundary-layer diverter. Present methods of predicting aerodynamic perfor- 
mance were evaluated and found to be inadequate. 

INTRODUCTION 

Trade-off studies (refs. 1, 2,  and 3) have obtained preliminary optimization of 
hypersonic transport vehicles by exercising system variables, some of which are vehicle 
weight, cruise Mach number, wing loading, power-plant sizing, and body fineness ratio. 
The studies examined hydrogen-fueled, turboramjet-powered aircraft  at cruise Mach 
numbers of about 6. Because of the low density of the liquid-hydrogen fuel considered 
for  these aircraft, trade-offs between structural and aerodynamic a reas  indicate that 
hypersonic transport configurations will optimize with a low-fineness-ratio body, having 
a large volume in relation to the wing area.  Inputs to these system studies have been 
largely analytical with little experimental verification. Additional studies a r e  now 
required to verify or improve these techniques and to enable more realist ic inputs to 
future trade-off studies. 

The theoretical and experimental investigation reported herein was undertaken to  
obtain hypersonic aerodynamic characteristics of a typical, distinct wing-body, hypersonic 
transport configuration and to provide a better knowledge of the contributions provided by 



the various vehicle components. The study focused on a distinct delta-wing-body 
arrangement with body-mounted vertical tail, low-wing position, and engine nacelle 
located beneath the wing. 
lem areas encountered on a complete vehicle design are represented. 
proportioned according to the results of reference 2 and tested at a Mach number of 
6.86. 
of assessing the limitations of current theoretical techniques and of determining the 
general aerodynamic efficiencies of the major vehicle components and their relative 
contribution to the total lift and drag. 

For this arrangement, most of the local configuration prob- 
The model was 

The resulting analysis, presented in  this paper, was carried out with the intent 

SYMBOLS 

Drag 
drag coefficient, - 

qsw 

drag coefficient at CY = Oo 

pressure-drag coefficient at CY = 0' 

drag-due-to-lift parameter (This parameter is evaluated at its average value 
between 8O and 12' angle of attack) 

lift coefficient, 

rolling-moment 

Lift - 
q s ,  

Rolling moment coefficient, 

effective-dihedral parameter, 3, per  deg 

Pitching moment pitching-moment coefficient, 
qs,F 

Normal force normal-force coefficient, 

Yawing moment yawing-moment coefficient, 

directional-stability parameter, - 3% 
@ , Per deg 

pressure coefficient 

. 



CY 

cyP 

C 

- 
C 

- L 
D 

2 

M 

SP 

s, 

T 

V 

a! 

P 

. 
Side force side-force coefficient, 

qs, 

side-force parameter, - per deg 

chord 

aP 

mean aerodynamic chord of complete delta wing 

lift-drag ratio 

body length 

free-stream Mach number 

free-stream dynamic pressure 

Reynolds number based on body length 

radius 

planform area 

wing area 

temperature 

total volume 

volume parameter 

static margin, - dCm 
dCN 

angle of attack, deg 

angle of sideslip, deg 

elevon deflection angle, deg (negative when trailing edge is up) 
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Subscripts : 

t 

W 

max 

t r im 

stagnation conditions 

wall conditions 

maximum 

trimmed condition 

MODEL 

A drawing of the model is shown in figure 1. The model is intended to represent 
a 300-foot- (91.44-meter-) long hypersonic transport with a gross  take-off weight of 
500 000 lbf (2224 kN), which is designed to cruise in a Mach number range from 6 to 8. 
The body volume is sized to  contain the payload and the hydrogen fuel required for a 
5000-nautical-mile (9260-km) mission. 
(3.35 kN/m2). The overall volume parameter V2/3/Sp, including the wing volume, is 
0.22. 

The vehicle wing loading is 70 lbf/ft2 

The fineness-ratio-14 body has a negatively cambered forebody to improve the 
t r im characteristics of the aircraft. 
of the wing apex. Aft of the wing apex, these circular c ross  sections a r e  gradually 
transformed into flat-sided cross  sections with semicircular tops to provide a nearly 
perpendicular juncture between the wing and body. 

The forebody cross  sections are circular forward 

The 75*-sweep, flat-bottomed delta wing is set at a 3.15' incidence to  the body. 
The wing is 2.8-percent thick with maximum thickness at 2/3 chord and with sharp 
leading and trailing edges. A boundary-layer diverter is located in the region of the 
wing apex and is approximated on the model by a 15' half-angle wedge-shaped fillet. 
The elevons extend the entire span of the wing outboard of the engine nacelle and have 
an a rea  equal to 14 percent of the wing planform area. 

The vertical tail has a 70°-sweep leading edge with a semiwedge angle of 4'. The 
trailing edge is blunt and swept 30'. The tail planform a rea  is 14  percent of the wing 
planform area. 

The engine nacelle is located beneath the wing and behind the wing-leading-edge 
shocks to take advantage of the precompressed flow beneath the wing. 
width to height is 4, and the inlet capture area was 1.4 percent of the wing planform area. 
The inlet side plates are swept 76.05' and have a 4.98O external wedge angle along the 
sharp leading edges. The nacelle has a constant internal duct area and an overall 

The ratio of inlet 
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external exit-to-inlet-area ratio of 1.07 because of the finite thickness of the nacelle 
walls. The rear of the nacelle was coincident with the wing trailing edge. 

By removing the wing from the wing-body model along the separation line shown in 
figure 1, the model could be tested as a body-alone configuration. The vertical tail could. 
be removed at the vertical-tail-body juncture for those tests of the model without a ver- 
tical tail. 

c APPARATUS AND TESTS 

I 
Tests  were conducted in the Langley 11 -inch hyper sonic tunnel at a Mach number 

of 6.86, at Reynolds numbers, based on the body length, from 1 X 106 to 6 X lo6.  Tun- 
nel stagnation temperature was in  excess of 1060' R (589O K) for all tests, and water- 
condensation effects were prevented by keeping the absolute humidity of the air less 
than 1.9 X l o m 5  parts  of water per  part  of dry air by weight. Further details of the 
characteristics of this wind tunnel can be found in reference 4. 

Forces and moments on the model were measured with a six-component strain-gage 
internal balance. Body base pressure was measured at two positions, one position near 
the upper part of the base and the other on the lower part. 
averaged to give the effective average base pressure. The vehicle axial force was then 
corrected to a value equivalent to that for free-stream static pressure on the base. All 
data were corrected for nacelle internal drag (estimated skin friction) and for nacelle 
base drag. 
lowing equation: 

These two pressures  were 

The nacelle base pressure was not measured but was calculated by the fol- 

ACCURACYOFDATA 

The e r r o r s  resulting from the force-balance inaccuracies, uncertainties in angle of 
attack, and base pressures  a r e  estimated to be as follows: 

Configuration 

Body alone 

Wing -body - 
tail -nacelle 

I Error .  percent, in - 1 

1 x 106 9.2 
6 1 1.3 

1 x 106 0.1 
6 1 .02 
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RESULTS AND DISCUSSION 

Comparisons of Theoretical Results With Experimental Data 

Studies of hypersonic cruise vehicles rely on analytic prediction techniques to pro- 
vide aerodynamic inputs to system trade-off studies and to help define aerodynamically 
attractive configuration concepts. It is of interest, therefore, to examine the validity of 
predictions provided by present hypersonic analytic methods which t reat  the configuration 
as a combination of isolated components with the forces on each component being calcu- 
lated as if the component were isolated in the free-stream flow. 

i 

The configuration investigated was analyzed theoretically by dividing it into major I 

components, the body, wing, tail, nacelle, leading edges, and wing-body fillet. A compar- 
ison of theory with experiment was made at a Reynolds number Ri of 1 X 106, where the 
boundary layer is expected to be predominately laminar. 
the beginning of transition in the same wind tunnel occurs approximately at a Reynolds 
number of 1.3 x 106 on a sharp flat plate. Refs. 6 and 7 indicate, however, that transi-  
tion may occur much sooner in  wing-body-juncture regions and on highly swept delta 
wings.) 
temperature method (ref. 8) by assuming all vehicle surfaces as combinations of tapered 
flat plates and cones and for a Tw/Tt of 0.5. Skin friction was calculated for the zero- 
angle-of -attack condition only and was assumed to be constant throughout the angle-of - 
attack range. 

Of the various theoretical methods presented in figure 2(a) for the body alone, 
results f rom Newtonian theory (Cp,ma = 2.0 and Cp = 0 in shadow region) agreed 
best with the experimental data; thus this theory was selected for the remaining calcula- 
tions. Although this agreement is consistent with the resul ts  of references 9 and 10, it 
is inconsistent with the resul ts  of reference 11 and with recent unpublished data obtained 
on the fuselage of the delta-wing-body configuration of reference 3, for which the tangent- 
cone and Prandtl-Meyer expansion theories gave good predictions of experimental results. 
It appears that reliable a priori  results will be obtained only after a more rigorous theo- 
retical method is developed. 

(Results from ref. 5 show that 

Theoretical calculations of the laminar skin friction were made by the reference- 

The aerodynamic pressure forces on wing and tail surfaces were calculated by 
shock-expansion theory, which has been shown to give good resul ts  for delta wings at 
low angles of attack. (See ref. 12.) The aerodynamic pressure forces on the nacelle 
external wedge angles were calculated by using tangent-wedge flow and the assumption 
that the nacelle was located within a uniform lower wing surface flow. Newtonian theory 
was used to predict pressure forces on all wing, nacelle, and tail leading edges. Fig- 
ure  2(b) presents a comparison of theoretical estimates of configuration aerodynamics 
with experimental results. Since the theories selected should adequately predict the 
lift forces  of the isolated components of the configuration, they should also predict the 
6 
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overall-configuration lift if no interference forces  exist. 
and the discrepancies between theoretical and experimental lift-coefficient results for 
the wing-body (also with tail and nacelle additions) configuration must be due to wing-body 
interference, which includes the adverse effects of the wing-body fillet on the wing upper 
surface flow field. These effects will be discussed in subsequent sections of this paper. 
The underprediction of the drag data is believed to be due to a combination of the inade- 
quacy of the theory used to predict the fuselage drag and the previously mentioned inter- 
ference effects. 

The (L/D),= (fig. 2(b)) developed by the configuration is lower than had been 

This, however, is not the case, 

considered in  studies for similarly sized hypersonic transport aircraft. (See refs. 1 
and 2.) Part of the reason for this low (L/D)mw (near 3) is the large skin friction 
encountered under wind-tunnel conditions, the poor aerodynamic efficiencies of the con- 
figuration components, and the component interferences. 
ciencies and define possible configuration faults, the drag at a! = 0' (CD,~) and the drag- 
due-to-lift parameter dCD/dCL2 a re  examined. 

I 

To study these component effi- 

Drag at a! = 0' 

A breakdown of C D , ~  is given in figure 3. As indicated, the boundary layer is 
expected to be predominately laminar at a Reynolds number, based on body length, of 
1 X 106. 
cent of the total zero angle-of-attack drag. In flight, even though the boundary layer 
would be predominately turbulent, the skin-friction contribution at the high flight Reynolds 
number (Rl > 100 X 106) would be approximately 40 percent of C D , ~ .  The experimental 
results of the component-drag breakdown tests  a r e  also shown in figure 3(a). The body- 
alone tes ts  indicate that the body produces about 40 percent of the drag of the wing-body- 
tail configuration. 
with the drag produced by the mutual interference between the wing and body, is responsi- 
ble for about 50 percent of CD,O. 
center line develops substantial drag due to lift and thus the wing C D , ~  is not represen- 
tative of the wing zero-lift drag. 

(See fig. 3(a).) The skin-friction drag is estimated to contribute about 60 per- 

The wing, which is charged with the drag of the wing-body fillet and 

Note that the wing at 3.15' incidence to the vehicle 

To further define the component drag contributions, the theoretical contribution of 
each component to the zero-angle-of-attack pressure drag C D ~ , ~  is shown in figure 3(b). 
The body produces about 20 percent of the pressure drag. A 10-percent reduction in body 
pressure drag will result  in a 7-percent r i s e  in (L/D)" for this configuration. It 
may be possible to  reduce body drag by reducing the body volume through more efficient 
utilization of available space. Wasted space between fuel tanks, in  corners,  and so forth, 
increases total body volume to twice that required to contain fuel and payload. Geometric 
modifications to the fuselage forebody and more careful attention to afterbody closure con- 
tours could also contribute to drag reductions. Careful attention must also be given to 
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wing-body-juncture design. 
wing in  this region by a boundary-layer diverter (a 15' half-angle-wedge fillet), which is 
estimated to produce 34 percent of 
fillet would result in a major reduction in CD 

The negatively cambered body was joined to the flat-bottomed 

C% 90' Redesign or elimination of this wing-body 

P,O' 

Drag Due to Lift 

The drag-due-to-lift parameter dCD/dCL2 is shown as a bar  graph in figure 4. 
The data shown for the exposed wing of the configuration were obtained by subtracting the 
body-alone data from the wing-body data.. (See fig. 4(a).) Thus, the wing is charged with 
any penalties due to the wing-body juncture and with all the mutual interference effects of 
the body on the wing and of the wing on the body. 
lated wing (including the wing-body fillet) with a 5O half-cone mounted on the upper surface 
to contain the force balance. These data are shown by the bar  graph labeled "wing-cone 
fillet." The presence of the cone on the upper surface of the wing would be expected to  
adversely affect the drag-due-to-lift parameter of the wing. However, the exposed-wing 
drag due to lift is higher than that of the wing-cone fillet, which indicates that the large- 
volume body mounted above the wing has a significantly adverse effect on lifting efficiency. 
Although the difference in the drag-due-to-lift parameter is the total result  of the mutual 
interference effects between the body and wing, the primary reason for  this difference is 
believed to be due to the presence of the body which produces an increased pressure on 
the fillet and on the wing leeward surface. Redesign or elimination of the wing-body fillet 
was previously shown to reduce and it would also be expected to improve the con- 
figuration efficiency through a reduction in dCD/dCL2. The theoretical drag due to  lift 
for  a zero-thickness flat-plate wing, which represents the minimum drag due to lift obtain- 
able from a noncambered wing surface, is shown for comparison in figure 4. 

Tests were also conducted on the iso- 

C D ~ , ~  

Shown in figure 4(b) is a comparison of the lifting efficiency of the configuration 
body and experimental values for half-cone-cylinder bodies (ref. 13), all of which had 
equal values of V2/3/Sp and essentially the same included nose angle. The configura- 
tion body is as inefficient as the flat-top body, which suggests that a possible improve- 
ment in body design would be to incorporate a more flat-bottomed arrangement for that 
part  of the fuselage not shielded by the wing. 

A 10-percent reduction in dcD/dcL2 for both the wing and body would improve 
the overall (L/D),, by about 7 percent. 

Trim Characteristics 

From weight and balance considerations, the center of gravity was &,ermined "i3 be 
0.256E; and, based on the method of reference 14, this center-of-gravity position gives a 
landing-speed static margin of 0.092. 

a 



The longitudinal t r im  characteristics for this center-of-gravity position are given 
in figure 5 for the highest test Reynolds number of 6 X 106, where any separation effects 
should be minimized. The configuration is stable at all attitudes investigated, and only 
moderate elevon deflection angles are required to t r im the aircraft. 
nacelle reduces tr immed (L/D),, by about 7 percent, partly because of the increase 
in drag associated with the inlet and partly because of the considerably larger elevon 
deflections required to offset the nose-down pitching moment induced by the nacelle. The 
static margin of the configuration is slightly increased when the nacelle is added. 

Addition of the 

f 

Lateral  and Directional Stability 
I The lateral-stability paraineters Cnp, Clg, and Cyp are shown as a function of 

angle of attack in figure 6. At a! = Oo, the wing-body (also with tail and nacelle additions) 
configuration is directionally stable positive Cnp); however, at CY = 6.85', which is close 
to 
unstable. This loss  in tail effectiveness at an angle of attack is typical of hypersonic con- 
figurations of this type and is due to the reduction in local dynamic pressure in the region 
of the tail brought about by the interference and shielding effects of the body and wing. 
Reducing the lateral  surface area of the forebody by decreasing the height-to-width ratio 
would be expected to improve the directional stability. The beneficial effects of the 
nacelle on Cnp increase with CY because the nacelle is mounted in the high-pressure 
field beneath the wing and is thus a more effective stabilizing surface when the wing is at 
an angle of attack. 

( 
(L/D),, (see fig. 5), the vertical tail becomes ineffective and the configuration is 

All the wing-body configurations exhibited positive effective dihedral (negative Clp) 
at all conditions tested. 

Basic Data 

The basic data from which the foregoing results were obtained are presented in fig- 
ures  7 to 9. 

CONCLUDING REMARKS 

An investigation of a model representative of a hypersonic transport has been con- 
ducted at a Mach number of 6.86 over a range of Reynolds numbers, based on body length, 
of 1 X lo6 to 6 X 106. The configuration was a low-wing, distinct wing-body arrangement 
with a body-mounted vertical tail and an underwing propulsion system. 

The configuration exhibited relatively low maximum lift-drag characteristics under 
tuiinel conditions. One cause of this poor performance was due to the large-volume-body 
&sign, which produced high minimum drag, high drag due to lift, and adverse interference 
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effects, which reduced the vehicle lifting capability. A large drag increment also resulted 
from the boundary-layer diverter (wing-body fillet). Improved performance could be 
obtained through more efficient aerodynamic shaping of the body and elimination of the 
boundary-layer diverter . Present analytic techniques are, in general, inadequate for 
predicting the aerodynamic characteristics of these complex vehicles on which component 
interference effects are important. More research to define these effects more accu- 
rately and to develop improved analytic techniques is required. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., May 6, 1970. 
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Figure 8.- Continued. 
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(c )  Wing-body-tail-nacelle. R Z  = 6 X 106. 

Figure 8.- Concluded. 
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